ABSTRACT In this research , connected vehicular platoon control is investigated with mixed time-varying delay. An event-driven information interaction method for connected vehicular platoon system is built, which considered the combined effect of communication-actuator time-varying delay and event-driven mechanism. The new standard for asymptotically stable and criterion for the controller gains and the trigger parameters are obtained based on Lyapunov method. The derived controller is offset by new conditions, which are used to ensure the vehicular platoon system that can achieve string stability. Finally, the effectiveness and advantage of the proposed algorithm are demonstrated by numerical simulations and experiments results with electric experimental cars.
I. INTRODUCTION
In the past decades, the transportation system has witnessed a rapid increase of automobiles and fast growing of fuel consumption. In the USA, the transportation sector consumed over 15 million barrels of petroleum per day in 2016 accounting for about 71% of the total oil consumption [1] , in which over 80% is attributed to passenger cars and trucks [2] . As a result, great efforts have been made in the intelligent highway systems in the past few years, concentrating on proposing new science and technology to reducing traffic accidents and environmental pollution. In a large number of studies, connected vehicular platoon system (CVs) has been be deemed to be the most feasible technology in urban intelligent transportation application [3] . CVs has attracted the interest of many researchers in the past few years, by far, concerning on CVs designing has been researched from different angles and aspects [4] . To name a few, in [5] , the authors proposed a motif-based control method to achieve the modular and scalable on CVs; In [6] , two longitudinal control strategies, namely preceding-following and leader-following police; An optimal control method is obtained via minimizing the cost function in [7] to minimize the distance and velocity errors of CVs; In [8] a sliding mode controller was proposed for CVs by using minimum number of sensors. In [9] , the author proposed that the designing of CVs need two necessary parts, FIGURE 1. String instability [10] .
hence the string stability of the CVs cannot be guaranteed. The combined time-varying delay is the second part; due to the time-varying delay will accumulate and spread along the opposite direction of the CVs. As for time-varying delay, many scholars has studied it from different aspects, such as, in [16] and [17] , a simplified vehicle model was built, in which the influences of transmission delays and nonlinear dynamic effect on the stability of CVs were investigated. As far as the author knows, no studies have been reported considering the effect of the desired performance of the CVs, wireless communication channel failure, and significant time-varying delay at the same time. The main contributions of this paper include:
(a) A mixed time-varying delay model is developed for CVs, which is more practical than the conventional models widely used in the literature, see, e.g., [15] and [17] . (b) An effective event-driven framework is constructed, which can decrease the network communication burden and vehicle fuel consumption. (c) Specific quantitative relations between the system stability (including asymptotically stable and string stable), controller gains, and triggered parameters are derived.
The paper is organized as follows. In section II, an eventdriven CVs model is built with the effects of mixed eventdriven mechanism, time-varying delay and control objective. In section III, an event-driven control method is obtained and further the stability conditions are derived. In section IV, considering the event-driven parameters, time-varying delay, and controller gains on string stability is further investigated. In Section V, simulations and experiments are designed to test and verify the performance of the obtained controller. Section VI, conclusions and future work are summarized.
II. PROBLEM FORMULATIONS
The CVs tasks can be considered as n identical vehicles moving in a horizontal environment, as shown in Fig.2 , where z i , v i and a i represent the position, velocity and acceleration of the ith vehicle with i = 0, 1, . . . , n − 1. The leader broadcasts its state information (including velocity and acceleration) periodically to all followers via wireless communication network. In the following, the model of CVs, the mixed time-varying delay and event-driven framework will be described one after another.
A. CVS DYNAMICS MODELING
The distance error for the ith vehicle in the CVs was defined as:
where z i , h, L i denotes the position, the time gap and the length of the ith vehicle. Then the dynamic model of the vehicle i can be modeled as,
i is the mechanical drag, m i g sin θ i denotes the vehicle weight components parallel to the road surface with m i , g and θ i denote the vehicle's mass, the acceleration of gravity and the angle of slope, respectively; F e i = m i ς i and the force generated by the vehicle engine, F w i is the air resistance, and the kinetic model is as follows,
where σ , A i , c di and v wind represents the mass of the air, the cross sectional area, the resistance coefficient and the speed of gusts. The engine dynamics model is as followṡ
where ς i represents the engine time constant of the ith vehicle, c i (t) denotes the throttle input of the ith vehicle engine. From (2) and (3), if the wind gust v wind (t) = 0, the road slop θ i = 0 and the vehicle running direction remains unchanged sgn(v i (t) + v wind (t)) = 1, we can get,
Substituting the expression of (5) in (4), we obtain,
Differentiating of (5) and substituting the expression for χ i (t) from (6) we get,
The following feedback controllers are used
where u i is the additional input signal, and after introducing controller (8), we get,
Define
Based on (2) and (9), the state space equation for the CVs can be written as:ẋ
where the relevant parameters and shown in Appendix A. For the CVs, the output feedback controller should be written as:
where
Remark 1: Note that (11) and (12) are consists of two parts C o x(t), C c x(t) and K o y(t), K c y(t), respectively. The C o x(t) and K o y(t) denotes the signals which can be measured directly by on-board sensors, yet C c x(t) and K c y(t), which have to be transmitted by the wireless communication channel.
B. EVENT-DRIVEN FRAMEWORK MODELING
Already proved that the periodic sampling scheme has been widely applied to CVS, but it will send many unnecessary signals to the controller, thus increasing the network communication burden and vehicle fuel consumption. Therefore, the event-driven scheme was proposed to decide whether to send the sampled signal to the controller through wireless network or not. In this paper, an event generator was designed as Fig. 3 . The event generator is designed between sensor and controller. It uses sampling information to determine whether the newly sampled signal will be sent to the controller through wireless network. The judgment condition was chosen as,
, is a positive weighting matrix. 
C. MIXED TIME-VARYING DELAY MODELING
The time-varying actuator and communication delays are inevitable in CVs control. Based on the driven conditions (13) 
In addition, because of the actuator delay, the CVS controller can only get the delay information, but not the real-time information to track the desired state. It's clear that the control law u(t k h) is replaced with u(t k h − τ ac (t)) with τ ac represents actuator delay, and τ ac (t) ≤ τ ac (t) ≤ τ ac (t), τ ac (t) andτ ac (t) denotes the minimum and maximum actuator delay, respectively. Based on the above analysis, the output feedback controller in (12) can be rewritten as
for
), k = 0, 1, 2, . . . ,. Under the controller (14) , one can get the closed-loop CVs as,
In order to facilitate the next discussion, we use a similar method in [9] to transform the system (15) into a mixed delayvarying system. The interval of [t k h + τ t k , t k+1 h + τ t k+1 ) can be divided into sub-intervals as follows
denotes the sampling time from the t k h to t k+1 h, and if set
Clearly that τ (t) satisfying
On the basis of the analysis above, the close-loop CVs (16) can be rewritten aṡ
where τ l (t) = τ (t)+τ ac (t) represents the mixed time-varying delay, ϕ(t) is the initial function of x(t), and
In this paper, we aim at designing an event-driven control method for the CVs to meet the following requirements, (I) Asymptotic stability: the closed-loop CVs is asymptotical stable, i.e., distance and velocity error approach to zero as the CVs stable.
(II) String stability: the vibration will not amplify along the CVs because of any maneuver of the lead vehicle, namely, for any w,
III. EVENT-DRIVEN CONTROLLER DESIGN
In this subsection, an event-driven control method for the CVs was designed based on Lyapunov's method. Firstly, the asymptotic stability condition of CVS (19) was given as the following Theorem 1.
Theorem 1: For given scalars ρ ∈ [0, 1), τ l ,τ l and feedback gain K , the CVs in (19) under the driven scheme (13) is asymptotically stable, if there exist matrices P > 0,
Proof: Define a new Lyapunov candidate for CVs (19) as
with R = τ l R 1 +(τ l −τ l )R 2 +2τ l R 3 , 1 and 2 are introduced by employing free weight matrix method,
, N and M are matrices with appropriate dimensions.
By using lemma 1 in [18] , get
By utilizing Jensen's inequality, we have
Substituting (23) into (22), we derivė
3 N T + R T , and by using Schur complement, from (20), we get
It's clear thatV (x t ) ≤ 0. Therefore, the CVs (16) is asymptotically stable. Then we consider the H ∞ performance of CVs (16) with the measurable disturbance. Defining the index
with zero initial condition, we have (y(t), w(t))
Then, considered the disturbance w(t), inequality (24) can be written aṡ
and then (y(t), w(t))
. By using Schur complement, from (21), we have
which mean that (y(t), w(t)) < 0. Namely, under zero initial condition, for ∀w(t)∈ L 2 [0, ∞), the measurement output y(t) satisfies y(t) 2 ≤ γ w(t) 2 . These complete the proof.
Theorem 2: For given scalars ρ ∈ [0, 1), τ l ,τ l and ξ j (j = 1, 2, 3), the CVs in (19) under the driven scheme (13) 
hold, wherẽ
In addition, the gain of the candidate controller can be obtained by
Proof: Based on Theorem 1 and Schur complement, if the inequalities.
hold, with
}MP, Multiply both sides of (29) by
and (27) , and using (11) and (12), then one can get
1 , this completes the proof.
IV. STRING STABILITY
Asymptotic stability for the CVs has been considered in the above section. This section deals with the stability of the string of vehicles related to the objectives (II) in subsection 2.3. The analysis results are based on the aforementioned event-driven controller.
Theorem 3: The CVs (19) is string stable with the following conditions
satisfied.
Proof: By applying the event-driven controller to each vehicle in CVs and substituting (13) in (4), we geṫ
Based on the changes of Laplacian to the equation (31), and setting a i (0) = 0, then one get
whereτ l =τ ac +τ . By using equation (1), we can have
and
Substituting (33) and (34) into (32), and combining similar terms, we get:
because a > 0, if and only if b ≥ 0 , then |a i (jw)/a i−1 (jw)| ≤ 1 holds, namely, the CVs is string stable. According to (30a) and sin(τ l w) ≤τ l w ≤ 1, we have,
Using cos(τ l w) ≤ 1 and (30b), we have
Thus, if the conditions (30c), (30d) hold, then b ≥ 0 . This completes the proof.
Algorithm 1: The control algorithm proposed in this research can be written as
Step 1. By using the feedback linearization controller in (9) to obtain the linearized CVs model.
Step 2. By using ς i k v −k a = 0 in Theorem 3, and according to Theorem 2, then the gain K can be derived.
Step 3. If this is feasible, then reset matrices P, Rj(j = 1, 2, 3), Qs(s = 1, 2) in Theorem 2 and return to step 2.
V. SIMULATIONS AND EXPERIMENTS
In this section, numerical simulations and experiments are carried out to verify the advantages of the designed CVS control algorithm.
Simulations Building: Using the software package of MATLAB, a CVS simulation model of ten vehicles running in a virtual environment is established. The vehicle-related parameters are shown in Table 1 . We used the following control parameters, the actuator delay lower bound τ ac = 0.02s and the upper bound τ ac = 0.08s, which can be derived by using 
A. CASE 1
In this case, it is assumed that all vehicles in the CVs run at the same initial speed of 10 m/s. In the fifth second, the leading vehicle accelerates by 3m/s 2 . The results are shown in Figs.4. As shown in Fig. 4 (b) that the maximum accelerations for all vehicles in the CVs is 3.5m/s 2 . It can be seen that all following vehicles can achieve tracking accurately as shown in Figs. 4(a) . The objective of string stability can be achieved as, and the maximum spacing error is 2.75m in Fig. 4 (b) . In this same case, we used the control method in [18] , the CVs is string unstable, as shown in Fig.5 . The maximum spacing error is 7.97m and the maximum acceleration is 4.12m/s 2 , it is clear that the performance of the proposed algorithm in this research is better.
B. CASE 2
In fifth seconds, the leading vehicle decelerates by −3 m/s 2 . All the following vehicles are controlled by the designed event-driven controller to track the leader vehicle. The results are shown in Figs. 6. It is found that the whole CVS can maintain the string stability. The maximum acceleration and the distance error is 2.8 m/s 2 and 2.7 m, respectively, as shown in Fig. 6 . In contrast, when the method suggested in [18] is used, the maximum distance error and acceleration is −8.1 m and −4 m/s 2 which imply a rear-end collision happens, and the CVs cannot achieve string stability, as shown in Fig. 7 (a) and (b) .
C. CASE 3
The proposed method has strong robustness and can effectively improve the string stability of CVs. As shown in Figs. 8, the fifth car had a sudden acceleration disturbance in 10 seconds. The platoon system can achieve string stability, namely, only δ 6 , . . . , δ 9 have a little deviation, all other vehicles are running with the desired velocity. The maximum distance error is 0.04m which is higher than the event-driven controller, and the maximum acceleration is 0.15m/s 2 , the whole CVs is stabilizing faster, as shown in Fig 9. 
D. EXPERIMENTS
The proposed CVs is scaled down for safe experiments in the laboratory. The experimental platform is constituted by five small-scale vehicles, as shown in Fig. 10 . The main control unit is ATMEGA2560. Two infrared sensors GP2D12 are used to measure the distance between two continuous vehicles with the same function as the actual vehicle. The model vehicle is also equipped with speed sensors, accelerometers, WiFi modules and other accessories, which are used to measure the speed and acceleration of the equipped vehicle and transmit information to the following vehicle through WiFi. The parameters of the test vehicle are shown in Table 2 .
In the experiment, as shown in Figure 9 (a), the road disturbance is simulated by a bubble attached to the floor, and the robustness of the proposed method are tested. The designed controller has good performance and the maximum distance between two adjacent vehicles is 15.6cm, and all the following vehicles accurately track the leading vehicle with desired velocity, as shown in Fig. 11 (a) and (b) , respectively, the control objectives asymptotic stability and string stability can be achieved simultaneously. Compared with the eventdriven controller in [18] , the maximum spacing and velocity are 16.2 cm and 33.1 cm/s, respectively, which is much higher than the proposed control algorithm as shown in Fig. 12 and the string instability is happening.
VI. CONCLUSIONS
In this paper, to meet special performance demand with the least negative time-varying delay impacts for CVs, an eventdriven control algorithm based on Lyapunov method is proposed. The simulation and experimental results show that this method is superior to the existing methods in general. We wish to emphasize that the algorithm proposed in this research can be particularly suitable for the mixed CVs system, one possibility is compared with the method presented in [20] - [23] . The experimental implementation of the method is the subject of ongoing work. The wireless communication constraints (including packet-drop out, uncertainty, communication delay and quantization) of the method are the subject of ongoing work.
APPENDIX A
Here, we given the related parameters in (10) 
